Ubiquitously distributed throughout the plant kingdom, brassinosteroids are a class of low-abundance phytohormones that have crucial roles in many aspects of growth and development 1, 2 . Studies in Arabidopsis have led to the identification of a number of genes involved in brassinosteroid perception and signalling [3] [4] [5] [6] [7] [8] [9] . One of them, BRI1, when mutated, abolishes brassinosteroid-mediated responses of plants 3 . BRI1 belongs to a large family of plant LRR receptor-like kinases (RLKs) with more than 200 members in Arabidopsis and over 300 in rice 10 . LRR RLKs are characterized by an extracellular LRR domain, a single-pass transmembrane segment and a cytoplasmic kinase domain. BRI1 has been established as a bona fide receptor of brassinosteroids by genetic and biochemical investigations 3, 11, 12 . The most convincing evidence for this comes from a biochemical study showing that BRI1(LRR) is essential and sufficient for recognition of brassinosteroids 12 . A 70-residue island domain (residues 587-656) is indispensable for brassinosteroid recognition. Binding of brassinosteroids to BRI1 initiates a phosphorylation-mediated cascade, transducing the extracellular steroid signal to transcriptional programs 13, 14 . A second gene named BAK1 involved in brassinosteroid signalling also encodes an LRR RLK, albeit with only five extracellular LRRs 4, 5 .
Although not involved in brassinosteroid binding, BAK1 promotes brassinosteroid-induced signalling by physically associating with BRI1 (refs 4, 5, 15) . Several models 2, 4, 5, 8, [16] [17] [18] [19] of brassinosteroid-induced BRI1 activation converge at transphosphorylation within the BRI1-BAK1 complex, which involves brassinosteroid-enhanced BRI1 homodimerization 16 , release of BRI1 KINASE INHIBITOR 1 (BKI1) 19 from BRI1, and BRI1-BAK1 heterodimerization [17] [18] [19] . It is still not fully understood how brassinosteroids are perceived by BRI1 to give rise to these events.
In the present study, we report the crystal structures of free BRI1(LRR) and its complex with brassinolide (the most active form of brassinosteroid) (Supplementary Table 1 ). The structures not only reveal the molecular mechanisms underlying brassinosteroid recognition by BRI1 and provide insight into brassinosteroid-induced BRI1 activation, but also explain the structure-activity relationship of brassinosteroids and serve as a foundation for the rational design of nonsteroidal mimetics.
A helical solenoid structure of BRI1(LRR)
The three-dimensional structure of brassinolide-free BRI1(LRR) (residues 30-589, 596-643 and 647-772) contains 25 LRRs as predicted 3 , including 24 regular ones and an irregular one abutting the aminoterminal side. The LRRs packed in tandem assemble into a highly curved solenoid structure (Fig. 1a) , with the overall rotation angle about the central axis approximately 360 degrees (Fig. 1b) . Compared to the regular horseshoe-shaped structures of other LRR proteins, one notably distinct feature of the BRI1(LRR) structure is that it is exceptionally twisted, resulting in formation of a whole turn of right-handed helix with an inner diameter of about 30 Å . Relative to LRR1, LRR25 shifts about 60 Å along the central axis of the helix (Fig. 1a ). An unprecedented structural feature of BRI1(LRR) is that it has an insertion domain anchored to the inner surface of the solenoid and running across six LRRs (Fig. 1a) . The N-terminal capping domain (residues 30-70), consisting of one b strand (b1) and two a helices, is integrated into the LRR structure by forming an anti-parallel b sheet with the b strand from the irregular repeat, whereas the carboxy-terminal capping domain (residues 752-772) uses two short helices to tightly pack against the last repeat (Fig. 1a) . Eight potential glycosylation sites ( Supplementary Fig.  2 ) as defined by sufficient electron density were found in BRI1(LRR). An assignment of functions to them awaits further investigations.
Like canonical LRR proteins, the concave surface of the BRI1(LRR) solenoid is composed of a parallel b sheet comprising 25 continuously running parallel b strands. Compared to many other LRR proteins, however, BRI1(LRR) also possesses parallel but distorted b sheets following the inner b structure in most of the repeats (Fig. 1a, b) . This is probably due to the plant-specific consensus sequence L/fXGxI/vP (X and x stand for polar and any amino acid, respectively) 20 of BRI1(LRR)s ( Supplementary Fig. 2 ) found in many LRR RLKs, as a similar structural feature also exists in the plant LRR protein PGIP2 (ref. 21) . In contrast with the concave side, the convex outer surface consists of varied second structure elements, including 3 10 helices, a helices and different length of loops (Fig. 1a, b) . Some of the loops are stabilized through disulphide bonds formed between two consecutive repeats (LRR2-LRR3, LRR5-LRR6, LRR7-LRR8, LRR10-LRR11 and LRR14-LRR15) ( Fig. 1a and Supplementary Fig. 1 ). The overall structure of BRI1(LRR) (residues 30-775) remains nearly unchanged on brassinolide binding, with a root mean squared deviation (r.m.s.d.) of 0.70 Å over 734 Ca atoms. The brassinolide molecule is sandwiched between the insertion domain and the concave surface of the solenoid structure (Fig. 1c) .
Interruption of BRI1(LRR)s by a folded domain
Two short segments (residues 590-595 and 644-646) from the insertion domain do not have interpretable electron density in the structure of brassinolide-free BRI1(LRR) but become well defined after brassinolide binding ( Supplementary Fig. 3 ). Residues 596-643 form a separate folded domain that consists of one three-stranded antiparallel b sheet and one 3 10 helix (Fig. 2a) . In addition, this domain contains one disulphide bridge (Cys 609-Cys 635) that can further contribute to its structural integrity. A database search using the Dali server (http://ekhidna.biocenter.helsinki.fi/dali_server) did not reveal known structures that share significant homology with the insertion domain, indicating that it represents a novel fold.
Extensive non-covalent interactions including van der Waals and polar interactions exist between the insertion domain and the solenoid structure. While making few contacts with the remaining parts of the insertion domain, the 3 10 helix packs tightly against Phe 449 and Leu 473 from underneath and forms a large network of hydrogen bonding interactions with those from one flanking side (Fig. 2b ). In contrast with the 3 10 helix, b36 primarily binds the concave surface (Fig. 2a) . Around this binding site, Trp 516, Ile 540, Trp 564 and Phe 658 establish close contacts with one side of b36, whereas Trp 472 and Phe 497 wedge between b36 and the 3 10 helix (Fig. 2b) . Hydrogen bonds dominate the interactions of the loop linking the 3 10 helix and b36 with the concave surface. Additionally, packing of the carbonhydrate moiety of the glycosylated Asn 545 against the loop connecting the 3 10 helix and b37 seems to have a role in positioning the insertion domain in the concave surface (Fig. 2a) . Two mutations, G613S and S662F, generated weak hormone-insensitive phenotypes 2 .
Our structure indicates that they can perturb local conformations and consequently generate a deleterious effect on BRI1 recognition of brassinosteroids. Substitution of Gly 613 with serine would produce steric clash with the carbonyl oxygen of Ile 600 or the benzene ring of Tyr 599 and consequently generate a damaging effect on the b sheet of the insertion domain ( Supplementary Fig. 4 ). Ser 662 is limited within a small pocket and its mutation to the bulky residue phenylalanine is expected to generate serious clash with its neighbouring residues, in particular the Gly 611 that is N terminal to b36.
Brassinolide binds to a surface groove on BRI1(LRR)
We used 3 H-labelled brassinolide to test if the purified recombinant BRI1(LRR) was active in binding brassinolide. As shown in Fig. 3a , the protein showed a comparable brassinolide-binding activity to that ARTICLE RESEARCH previously reported 12 . In the brassinolide-bound BRI1(LRR) structure, the electron density unambiguously defines the brassinolide molecule that binds to a pronounced hydrophobic groove between the insertion domain and the concave side of the solenoid (Fig. 3b) . Most of the residues lining the surface groove are hydrophobic and highly conserved (Supplementary Fig. 1 ). The fused ring moiety of brassinolide ( Supplementary Fig. 5 ) occupies most of the surface groove (Fig. 3b) . The A ring (see Supplementary Fig. 5 ) makes marginal contacts with the concave surface, whereas the B ring tightly stacks Tyr 642 from one lateral side. The other two rings are sandwiched between Phe 681 and Tyr 599. Despite a smaller size, the two methyl groups C18 and C19 form much denser hydrophobic interactions with BRI1 by docking into two cavities at the bottom. In contrast, the other side of the fused ring is nearly solvent exposed (Fig. 3b) . Although extensive shape complementarities exist between brassinolide and the base of the surface groove, a water molecule fills the cavity that is sealed from the solvent region by Lys 601, bridging a hydrogen bond between the carbonyl oxygen at C6 and the hydroxyl group of Tyr 599. Standing in contrast with the fused ring, the distal carbon atoms C24-C28 of the side chain are completely buried into a hydrophobic pocket (Fig. 3b) . Further reinforcing the interactions around this contact interface, the hydroxyl group at C23 establishes a hydrogen bond with the backbone nitrogen of Ser 647 and two water-mediated hydrogen bonds with the carbonyl oxygen atoms of His 645 and the hydroxyl group of Tyr 597.
Induced-fit brassinolide recognition by BRI1(LRR)
The crystals of both free and brassinolide-bound BRI1(LRR)s contain one protein molecule per asymmetric unit and have nearly identical packing. This indicates that homodimers formed by two crystallographic symmetry-related molecules (Supplementary Fig. 6 ) result from crystal packing rather than brassinolide binding. Consistently, 
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gel filtration assays showed that BRI1(LRR) was monomeric in solution and its apparent molecular weight was not affected by the presence of brassinolide (Fig. 4a) . The latter is consistent with the observation 22 that brassinolide had no effect on BRI1 homodimerization in protoplasts. Structural comparison revealed that upon brassinolide binding marked local structural rearrangement occurs to the two loops linking the insertion domain and the LRR structure (referred to as interdomain loops) (Fig. 4b) . Brassinolide-induced stabilization of the interdomain loops results in formation of a more marked surface groove where brassinolide binds (Fig. 4c) , showing that brassinolide recognition by BRI1(LRR) is a process of induced fit.
Discussion
The hydrophobicity-dominating brassinolide-binding surface groove (Fig. 4c, right) indicates that BRI1(LRR) may be accommodating in ligand binding. This would afford an explanation for why BRI1 is able to respond to a variety of brassinolide derivatives 23 . BRI1 ligand selectivity, on the other hand, can be conferred by the distal polar groups involved in hydrogen bonding interactions as well as the actual shape of the hormone-binding groove. The structural mechanism of brassinolide recognition by BRI1(LRR) rationalizes ( Supplementary  Fig. 7 ) the data on the structure-activity relationship of brassinosteroids accumulated during the past decades 23 , thus opening new perspectives for designing and developing nonsteroidal mimetic of brassinosteroids with low cost that can be widely applied in agricultural practice.
Our structural analyses reveal that, although the overall structure of BRI1(LRR) remains nearly unchanged upon brassinolide binding, significant structural rearrangement occurs to the interdomain loops around the brassinolide-binding site (collectively referred to as the brassinolide-created surface), which should be associated with brassinosteroid-induced signalling. It is not clear how this region contributes to brassinosteroid-initiated signalling, but it is probably involved in stabilization 16 of the kinase-domain-mediated BRI1 homodimers 19 . The absence of an effect of brassinolide on BRI1 homodimerization in the current study may be due to the isolated ectodomain used for assays or requirement of another protein or peptide, as indicated by the suppression of bri1 mutants by a secreted peptidase 24 . If this is the case, BRI1 would be different from Toll-like receptors, in which ligand-induced homodimerization for activation can be recapitulated through their isolated extracellular domains 25, 26 . Stabilization of BRI1 homodimers by the brassinolide-created surface is expected to initially activate BRI1 kinase to a basal level, resulting in tyrosine phosphorylation and disassociation of BKI1 (ref. 19) ; disassociation of BKI1 allows stable association and sequential reciprocal phosphorylation between the kinase domains of BRI1 and BAK1, fully activating the BRI1 kinase as proposed by the sequential phosphorylation model 18 . Alternatively, brassinolide binding may initiate signalling by altering an interaction between the extracellular domains of BRI1 and BAK1. A role of the extracellular domain of BAK1 in brassinosteroid signalling has been indicated by the observations that mutations in this domain of BAK1 affect brassinosteroid sensitivity 
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and interaction with BRI1 28 . Although stable BRI1-BAK1 association is a consequence of initial BRI1 activation 19 , a possible role of BAK1 and its homologues in initial BRI1 activation has not been excluded by genetic studies; for example, it remains unclear whether mutations of BAK1 and its homologues affect brassinolide-induced BKI1 phosphorylation by BRI1. It is interesting to note that BAK1 has five LRRs and that the new brassinolide-created surface is also located about five LRRs from the membrane surface. Thus, it is also possible that the brassinolide-created surface is involved in interaction with BAK1(LRR), which triggers BRI1 phosphorylation of BKI1 through unknown mechanisms, allowing formation of more stable BRI1-BAK1 receptor complexes. Although the brassinolide-created surface is proposed to be involved in BRI1(LRR) homodimerization or heterodimerization with BAK1(LRR), further studies are needed to determine if brassinosteroids initiate signalling through promoting protein-protein interactions, as many other plant hormones do 29, 30 .
METHODS SUMMARY
The extracellular domain (residues 24-784) of Arabidopsis BRI1 fused with 63His at the C terminus was expressed with high five cells and a baculovirus expression system. Protein was harvested from the media and purified using Ni-NTA followed by size-exclusion chromatography (Superdex200 10/300 GL column; GE Healthcare). Crystals of free BRI1 and brassinolide-bound BRI1 were grown using the hanging-drop vapour-diffusion method and their structures were determined using molecular replacement.
3
H-labelled brassinolide binding assay was performed as previously described 12 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
